The evolution of the magnetic state, crystal structure and microstructure parameters of nanocrystalline zinc-ferrite, tuned by thermal annealing of ∼4 nm nanoparticles, was systematically studied by complementary characterization methods. Structural analysis of neutron and synchrotron x-ray radiation data revealed a mixed cation distribution in the nanoparticle samples, with the degree of inversion systematically decreasing from 0.25 in an as-prepared nanocrystalline sample to a non-inverted spinel structure with a normal cation distribution in the bulk counterpart. The results of DC magnetization and Mössbauer spectroscopy experiments indicated a superparamagnetic relaxation in ∼4 nm nanoparticles, albeit with different freezing temperatures T f of 27.5 K and 46 K, respectively. The quadrupole splitting parameter decreases with the annealing temperature due to cation redistribution between the tetrahedral and octahedral sites of the spinel structure and the associated defects. DC magnetization measurements indicated the existence of significant interparticle interactions among nanoparticles ('superspins'). Additional confirmation for the presence of interparticle interactions was found from the fit of the T f (H) dependence to the AT line, from which a value of the anisotropy constant of K eff = 5.6 × 10 5 erg cm −3 was deduced. Further evidence for strong interparticle interactions was found from AC susceptibility measurements, where the frequency dependence of the freezing temperature T f (f ) was satisfactory described by both Vogel-Fulcher and dynamic scaling theory, both applicable for interacting systems. The parameters obtained from these fits suggest collective freezing of magnetic moments at T f .
Introduction
Nanocrystalline ferrites with the AB 2 X 4 spinel structure are the most frequently investigated systems due to the broad range of their technological applications. These span diverse areas such as catalysis [1] and medical applications (treatment by magnetic hyperthermia, use as a drug delivery system in cancer therapy, and as contrast agents in MRI diagnostics) [2] , and are also used in high-density magnetic recording media [3] , as ferrofluids [4] , and as sensors [4] , among other applications. Furthermore, with the development of experimental and theoretical tools they have become of great interest as model systems in fundamental research. Nanocrystalline ferrites are characterized by unique properties such as superparamagnetism, core/shell structure, and very often exhibit appreciable enhancement of their physical properties (e.g. magnetization, permeability, resistivity, etc) compared to their bulk counterparts [4] [5] [6] .
The magnetic properties of magnetic nanocrystalline materials are often considered as a superposition of the intrinsic properties of nanoparticles (e.g. structure, magnetic moments, different types of anisotropies, etc) and interparticle interactions among them like dipole-dipole and exchange ones. In ferromagnetic zinc-ferrite each single-domain nanoparticle possesses a large magnetic moment ('superspin'). Depending on the interaction strength among the superspins, magnetic systems can be subdivided into two general types with different behaviors. When interparticle interactions are negligible, a superparamagnetic (SP) state occurs [5] [6] [7] , where the superspins belonging to each nanoparticle oscillate between their easy magnetization directions, and block along these directions below the so called blocking temperature T B . In the case of sufficiently strong interactions among superspins, they do not relax independently, but in a collective way. It has to be noted that the interactions usually have a high degree of frustration. This frustration is a consequence of particle size distribution, different particle shapes and interparticle distances. All these factors lead to the formation of the so called superspin-glass (SSG) state below a certain freezing temperature T f [8] . It is common that T B < T f , since the contribution of magnetic particle interaction is superimposed on the blocking process.
There are several experimental signatures of SP or SSG behavior and we shall mention three of them, used in this paper. The first one is M(T) measurement under the field-cooled (FC) regime, where for an SP system below T B , the magnetization constantly increases with temperature decrease, unlike for the SSG state, where below T f , the magnetization shows flatness or decreases [9] . Also, it is well known that the blocking or freezing temperatures shift to lower temperatures with increase of the magnetic field strength. This temperature decrease can be described, in the mean field picture, by so called AT lines which represent the boundaries between paramagnetic and spin-glass phases. In the T-H phase diagram this can be written as [9] 
where H a is the anisotropy field, T max and T f are the freezing temperatures in the magnetic fields H and H = 0, respectively. The parameter α depends on the interaction strength and distinguishes the SP and SSG cases. For noninteracting particles α = 2 [10] , while for interacting systems this parameter is close to 2/3 [11] . AC susceptibility measurements, χ (T) and χ (T), for different frequencies f (different time window) represent a valuable method for investigation of the spin relaxations. There are several models describing the dependence of the relaxation time τ on different parameters like the anisotropy barrier E a = K eff V (K eff is the effective anisotropy constant, V is the particle volume) and the interparticle interaction, which is presented as the characteristic temperature T 0 . For noninteracting particles T 0 = 0 and in that case the superparamagnetic relaxation τ is given by the Néel-Brown expression τ = τ 0 exp(KV/k B T), where τ 0 is typically in the range of 10 −11 -10 −9 s, k B is the Boltzmann constant, and T is the temperature [12] . Other models which take into account the influence of the interparticle interactions on the magnetic relaxation are considered in section 3.3.3.
Zinc-ferrite, ZnFe 2 O 4 , crystallizes in the spinel type structure, represented by the general formula AB 2 X 4 , space group (S.G.) Fd3m. Cations occupy tetrahedral 8a (A) and octahedral 16d (B) sites, while oxygen is in the 32e crystallographic position. Nanocrystalline ZnFe 2 O 4 has a mixed, metastable, cation distribution with some percentage of Zn 2+ residing at 16d sites instead of 8a sites, and a corresponding concentration of Fe 3+ then occupies 8a sites. This is often described as inverted spinel with formula
where the inversion parameter α depends on the sample preparation method and the thermal treatment [13] . Consequently, ZnFe 2 O 4 with a metastable cation distribution is suitable for studying the effects of thermal annealing on the inversion parameter.
It is well known that three kinds of interactions, A-A, B-B, and A-B superexchange interactions, exist in spinel ferrites, in which the A-B interaction is much stronger than the others. In bulk ZnFe 2 O 4 having normal spinel structure, the absence of magnetic ions at A sites (populated by nonmagnetic Zn) results in weak antiferromagnetic exchange interactions within Fe atoms at B sites, making bulk ZnFe 2 O 4 antiferromagnetic below 10 K. Due to the partial inversion of Zn 2+ and Fe 3+ cation distributions in nanocrystalline zinc-ferrite, a superexchange interaction between the iron ions at A and B sublattice sites occurs, leading to ferrimagnetic long range ordering at much higher temperatures. This greatly enhances the saturation magnetization.
Here we report results of a systematic study using multiple complementary techniques on a series of ZnFe 2 O 4 nanoparticle samples obtained using thermal annealing protocols. Inter-and intra-particle interactions in the ZnFe 2 O 4 nanoparticle system are studied by analysis of DC magnetization and AC susceptibility data. Details of the structure and microstructure for nanocrystalline ZnFe 2 O 4 depending on variable thermal annealing protocols are assessed using synchrotron x-ray and neutron diffraction data. Two independent methods were combined: the Rietveld method in reciprocal space and the atomic pair distribution function (PDF) method in direct space. The effects of thermal annealing on the magnetic properties and magnetic states at low temperatures are investigated by combining Mössbauer spectroscopy, DC magnetization and AC susceptibility measurements. Using these methods we have established a relationship between the structure/microstructure and magnetism.
Experimental details
Nanocrystalline ZnFe 2 O 4 was prepared by a low temperature chemical co-precipitation method using aqueous solutions of nitrate precursors. Details of the synthesis procedure are given in [14, 15] . Chemical quantitative analysis was performed by inductively coupled plasma optical emission spectroscopy, ICP-OES (Spectroflame ICP, 2.5 kW, 27 MHz). The ratio of Zn:Fe found was close to 1:2, indicating the cation stoichiometry of the samples. An as-prepared sample, denoted by S1, was annealed at 400 • C (S2) and 500 • C (S3) in order to monitor the effects of thermal annealing on the structural, microstructural and magnetic properties. Bulk ZnFe 2 O 4 (S4) was prepared by a ceramic procedure. The starting compounds, Fe 2 O 3 and ZnO, were mixed in stoichiometric ratios, pressed and heated at 1200 • C for 24 h.
Structural and microstructural analyses were carried out on three nanocrystalline zinc-ferrite samples (S1, S2 and S3), and on one bulk reference sample (S4) using synchrotron based high-energy x-ray powder diffraction data. The measurements were performed at 300 K at the 6-ID-D beam-line of the Advanced Photon Source at Argonne National Laboratory, utilizing the image plate (IP) detector MAR345. Samples were packed in cylindrical polyimide capillaries 1.0 mm in diameter sealed at both ends. A monochromatic incident x-ray beam of 0.5 mm × 0.5 mm in size was used, conditioned using a Si(311) monochromator to have an energy of 86.84 keV (λ = 0.1428Å). The IP detector was mounted orthogonally to the beam path with a sample to detector distance of 230.274 mm, as calibrated by using a ceria standard sample [16] . Multiple scans were performed on each sample to a total exposure time of 600 s. This approach avoids detector saturation while allowing sufficient statistics to be obtained. To reduce the background scattering, lead shielding was placed before the sample with a small opening for the incident beam. The 2D diffraction data were integrated and converted to intensity versus 2θ using the software FIT2D [17] , where 2θ is the angle between the incident and scattered x-ray beams. The integrated data were normalized by the average monitor counts. These intensity data were subsequently used in the Rietveld analysis. For the PDF analysis the data were further processed. The intensity data were corrected and normalized [18] using the program PDFgetX2 [19] to obtain the total scattering structure function, F(Q), and its sine Fourier transform, i.e. the atomic PDF, G(r). In the Fourier transform of F(Q) to obtain G(r), the data were truncated at a finite maximum value of the momentum transfer, Q = Q max . Q max was optimized so as to avoid large termination effects and to reasonably minimize the introduced noise level as the signal to noise ratio decreased with the increased Q value. Here, Q max = 25.0Å −1 was found to be optimal.
Time-of-flight (TOF) neutron diffraction data were collected on nanocomposed and bulk samples at 295 K on the SEPD diffractometer at the Intense Pulsed Neutron Source at Argonne National Laboratory and at 15 K on the NPDF diffractometer at Los Alamos Neutron Scattering Center at Los Alamos National Laboratory. Nanocrystalline and finely pulverized bulk samples were loaded into an extruded vanadium container under He-atmosphere, and sealed using indium wire. A closed cycle displex cooling system was used to control the temperature. The data were collected for 6 h to obtain good statistics. 57 Fe Mössbauer spectroscopy was used as a local magnetic microstructure probe in the temperature interval of 10-298 K. The Mössbauer spectra for nanosized and bulk ZnFe 2 O 4 samples were collected in the transmission configuration, in constant acceleration mode with the radioactive source of 57 Co embedded in a rhodium matrix. The room temperature spectrum of α-iron foil was used for spectrometer calibration.
Magnetic measurements were performed on an MPMS XL-5 SQUID magnetometer and a PPMS magnetometer. Magnetization versus temperature, M(T), was measured in the 1.8-350 K temperature range, under zero-field-cooled (ZFC) and field-cooled (FC) regimes, in different applied fields. Hysteresis loops were measured at 5 K in FC and ZFC regimes.
Results and discussion
3.1. The structure/microstructure of Zn-ferrites from Rietveld and PDF approaches
The crystal structure and microstructure properties of samples S1-S4 were investigated by x-ray diffraction. The analysis of the experimental data was carried out by both Rietveld and PDF approaches. While the Rietveld analysis obtains the crystal structure solely from the Bragg reflections, the PDF method utilizes both Bragg and diffuse scattering signals to extract structural information.
Rietveld refinement was carried out by using Fullprof software [20] , in which a TCH Pseudo-Voigt function was chosen to describe the profile of the diffraction maxima in order to resolve the microstructure parameters (crystallite size and microstrain). As expected, better refinement reliability factors were obtained for the bulk sample structure than for those derived from refinement of the as-prepared sample structure (figures 1(a), (b)).
In addition, the crystal structure for the S1 and S4 samples was studied using TOF neutron powder diffraction data. In figure 2 , fully converged Rietveld refinements of S1 sample data at 295 K are shown. Rietveld refinement of TOF data of nonmagnetic structures was carried out on nanocomposed and bulk samples at 295 K as a multipattern refinement in Fullprof software. The function used to model the peak shapes represents convolution of a pseudo-Voigt function with a pair of back-to-back exponentials. As in the case of refinement of the synchrotron data, the refinement residuals are higher in the case of the bulk sample (χ 2 ∼ 4.0) compared to the nanosized sample (χ 2 ∼ 1.8). The obtained structure parameters are given in table 1. They are in good agreement with the results of the refinement of the data from the synchrotron experiment for samples S1 and S4. The bulk sample is found to be almost normal (non-inverted) spinel, while the S1 nanocomposed sample shows approximately 25% of inversion. The atomic PDF represents a total scattering based function in direct space that provides a distribution of interatomic distances r in a material. The PDF is a well suited method for structural assessment in bulk materials with nanometer scale inhomogeneities, and crystallographically challenged materials, such as nanoparticles [21] . Figure 3 illustrates 15 K TOF data from the NPDF for bulk sample S4 (gray) and as-prepared nanocrystalline sample S1 (red). In figure 3(a) a comparison of the reduced total scattering functions, F(Q), is shown. Notably, there is an appreciable broad diffuse scattering component in the data for sample S1. As can be seen in the inset that shows F(Q) on an expanded scale, the Bragg peaks in the data for the nanocrystalline sample are much broader than the corresponding peaks for the bulk counterpart, as expected. Comparison of the corresponding PDFs, G(r), is given in figure 3(b) . While the PDF of the bulk sample exhibits excellent crystallinity and long range order, the structural coherence abruptly degrades for the as-prepared sample as r increases, reflected in an abrupt decay of the PDF intensity as a length scale comparable to the nanoparticle size is approached, as sketched by the dashed red line that serves as a guide to the eye. The PDF analysis was carried out using the program PDFgui [22] . A model corresponding to an average cubic structure within the Fd3m space group was used and had seven parameters: the lattice parameter, the x-fractional coordinate of the oxygen, isotropic thermal parameters for Zn, Fe and O, the spherical particle diameter, and an overall scale factor. The refinements for all samples were carried out on 300 K x-ray data over the 1.5-65.0Å range, with reasonably low agreement factors, r WP , between the data and the model, ranging from 0.11 to 0.12. The final fits are shown in figure 4 for as-prepared sample S1 (a), sample S2 (b), sample S3 (c), and bulk sample S4 (d). By visual comparison of the data one can immediately notice a gradual but rapid loss of PDF intensity for the S1-S3 samples, compared to the bulk S4, reflecting the loss of structural coherence in the nanocrystalline samples. Additional decay of the PDF intensity originating from the limited Q-space resolution of the x-ray measurement setup is also present, and can most notably be seen in the data of the bulk sample, as well as in the data obtained for a crystalline Ni reference, shown in figure 4(e) .
The values of the structural parameters obtained from the PDF analysis, lattice parameters and oxygen coordinates, shown in table 1, are in reasonably good agreement with those determined from the Rietveld refinement of the x-ray and neutron data.
Inspection of the difference curves for the PDF refinements shown in figures 4(a)-(d) and 5(a), and the low values of the agreement factors, indicate that the cubic Fd3m model explains the structure of all the samples reasonably well. However, a closer examination of the difference curves in these figures reveals the existence of discrepancies in the low-r region of the PDFs for the nanocrystalline samples. Further, comparison of the atomic displacement parameters (ADPs) obtained from broad range refinements of the nanocrystalline data relative to those obtained for the bulk (inset to figure 5(a)) indicates enlarged values of the ADPs for all three atomic species for the as-prepared sample. This enlargement systematically decreases as the NP size increases towards bulk. Evaluation of the cubic fit to the data of the S1 sample in the low-r range, figure 5(b), provides a clue as to why the ADPs are enlarged. While the cubic model explains the data well over a broad range, it misses the positions of the PDF peaks centered at around ∼3.0 and ∼3.5Å. The two peaks correspond to the near-neighbor Fe-Fe and Zn-Zn distances in the Fd3m structure, respectively. As is apparent from figure 5(b), the data indicate that the Fe-Fe distance is longer than the average model predicts, while the Zn-Zn distance is shorter than that predicted by the average model. By considering published ionic radii of the species involved [23] , the observed effect can be understood by simple coordination chemistry arguments. As mentioned earlier, in a normal spinel structure the Fe occupy 16d sites on the pyrochlore sublattice of corner-shared Fe-tetrahedra, and are octahedrally coordinated by O, while the Zn occupy 8a sites that are tetrahedrally coordinated by oxygen. The ionic radii of Zn 2+ are 0.6Å for tetrahedral coordination and 0.74Å for octahedral coordination, and those of Fe 3+ are 0.49Å for tetrahedral coordination in the HS configuration and 0.645Å for octahedral coordination in the HS configuration (0.55Å in the LS configuration). When inversion occurs, with a fraction of Zn atoms occupying Fe sites and vice versa, local structural distortions can be expected. An octahedral site subject to inversion would host a larger Zn 2+ ion substituting Figure 3 . (a) The reduced neutron total scattering structure function, F(Q), at 15 K for the bulk S4 sample (gray) and the as-prepared S1 nanocrystalline sample (red). The inset shows a small region on an expanded scale. (b) The corresponding atomic PDF for samples S4 (gray) and S1 (red). The dashed red line illustrates damping of the PDF for the nanoparticle sample due to its finite size. See the text for details.
for a smaller Fe 3+ , accounting for the observed enlarged near-neighbor distance between two 16d sites. Conversely, a tetrahedral site subject to inversion would host a smaller Fe 3+ ion substituting for a larger Zn 2+ ion, resulting in a decrease of the near-neighbor distance between two 8a sites, in qualitative agreement with observed behavior. Hence, the observed effect in as-prepared nanocrystalline sample S1 can be understood to be a consequence of inversion, in good agreement with earlier results of EXAFS [24] and XANES [25] . This renders PDF a useful tool for observing inversion through associated structural defects, which is of particular importance in cases where inversion cannot be easily detected directly and reliably due to, for example, modest scattering contrast. One unique advantage of the PDF approach compared to EXAFS is that PDF probes the structure on various length scales, in contrast to EXAFS that provides information normally limited to the first few coordination shells. PDF can therefore be utilized to estimate the spatial extent of the inversion-induced distortions. From the difference curve in figure 5(a) it is clear that in the case of ZnFe 2 O 4 the distortions are rather localized and do not propagate in a correlated fashion beyond the nearest-neighbor distances involved. This is in accord with the notion that the inversion is a random process. Spatially averaged distortions are then well described by the average structure cubic model Figure 4 . Refinements of the Fd3m model to the experimental x-ray PDF data collected at 300 K for (a) as-prepared Zn-ferrite nanoparticles (S1) as well as those annealed at 400
• C (S2) (b) and 500
• C (S3) (c). For comparison, the structure of bulk Zn-ferrite (d) was also refined over a wide r-range. Data are shown as open symbols, model profiles as solid lines, and corresponding difference curves are shown offset below for clarity. Nickel standard data and the corresponding structure model fit are also shown (e) to illustrate the damping effect of Q-space resolution on the PDF. See the text for details.
with enlarged ADP parameters. The evolution of inversion and associated distortions with change of the nanoparticle size is summarized in figure 5 (c) which features the experimental radial distribution function, R(r). On going from as-prepared sample S1 towards bulk sample S4, the distortion decreases and the features in the local structure relax towards the non-inverted spinel structure. The evolution with particle size of the relative local displacements (compared to bulk) is estimated from model independent Gaussian fits to the R(r) data and is illustrated in the inset to figure 5(c) .
The occupation number of Zn ions at the A site was determined by Rietveld refinement, showing the change of Zn ion occupation ratio over A and B sites. The results show that the bulk sample resembles a normal spinel structure, while about 25% of inversion is found in S1 and S2. This is in qualitative agreement with the evolution of the observed local structural distortions in the PDF. However, the values of the inversion parameter from Rietveld refinement, particularly for the S2 sample, may be less reliable due to poor scattering contrast. This emphasizes the importance of using multiple complementary methods when studying challenging nanocrystalline systems.
Microstructure analysis of the S1, S2 and S3 samples was performed on x-ray diffraction data by the Rietveld method and by using Ni powder standard to determine the instrumental line broadening. The results for particle size and microstrain are shown in table 2. Both parameters were refined using an isotropic (spherical) particle shape model and an isotropic microstrain (random defect distribution), providing satisfactory agreement with the experimental data. The Rietveld-obtained values for particle size are also compared to those obtained from the PDF, and good agreement was found for all samples. Since the size characterization by the PDF is in principle sensitive to both the core and the shell regions, while the Rietveld results merely denote the dimensions of the crystalline core, the agreement implies that any coherent shell region in the studied samples is probably very thin. Whilst this does not exclude the possibility of the existence of a disordered amorphous-like shell, no discrepancies in the low-r region of the modeled PDF were seen, beyond those ascribed to inversion that would indicate the presence of an amorphous-like surface region. 
Particle shape, particle morphology and crystallite size
The particle size and morphology of the as-prepared sample were characterized by transmission electron microscopy. A typical image of the S1 sample is shown in figure 6 . TEM analysis reveals that the particles are isotropic, with a relatively uniform size distribution. Inspection indicates that the mean particle size is in the 4-6 nm range, suggesting that on average one grain is composed of one crystallite. This implies that the produced nanomaterial is well crystallized and free of defects. A more detailed TEM analysis enabled us to clarify the morphology of the synthesized particles. The particles are nearly spherical in shape.
The magnetization of Zn-ferrites
3.3.1. Magnetization versus temperature. The temperature dependences of ZFC and FC magnetization (1.8-300 K) for the investigated nanoparticles (S1-S3) were measured in different fields, from H = 10 Oe up to 5 kOe. As an example, the result of measurements for S3 in a field of 100 Oe is shown in figure 7 (main panel). It can be seen that the ZFC and FC magnetization curves separate below the irreversibility temperature T irr , indicating the presence of a certain degree of magnetic anisotropy which is still significant in a field of 2 kOe, but is overcome in a field of 5 kOe (not shown).
The ZFC branch exhibits a pronounced maximum which is characteristic for both the SP and SG states. However, the FC branch below T max decreases, deviating from SP behavior, Figure 7 . Temperature dependence on magnetization for sample S1 measured after ZFC and FC in an applied field of 100 Oe. Inset: ZFC magnetization versus temperature for samples S1-S3. where the FC magnetization constantly increases. The decrease of FC magnetization at low temperatures is caused by interparticle interactions among nanoparticle superspins. In a case of strong interactions T max would represent the freezing temperature which is a superposition of the blocking process of nanoparticle moments and interactions among them. The blocking temperature is lower then T max , and depending on the strength of the interparticle interactions, can be several times less then the freezing temperature for H = 0 [26] .
In order to further investigate the nature of the magnetic state below T max , temperature dependence T max (H) was measured from 10 Oe to 5 kOe for sample S1. A significant shift of T max to lower temperature with increase of the applied field H can bee seen in figure 8, where T max versus H 2/3 is depicted. The full line in the T-H phase diagram is the fit to the Almeida-Thouless (AT) line, given by equation (1) [27] . This line represents the boundary between the superparamagnetic and SSG states. Good agreement with experimental values is achieved in the range from 10 to 1000 Oe, but above this range a certain deviation is observed. This implies that collective behavior exists for low applied fields, while for higher fields this collective state is suppressed or even erased [28] . From this fit the freezing temperature T f = (27.5±0.1) K and anisotropy field H a = (4200±100) Oe are obtained. By using the relation H a = 2K eff /ρM S [26] , the effective anisotropy constant K eff = 5.6 × 10 5 erg cm −3 . In this relation M s is the saturation magnetization obtained from M(H) measurements (M s = 50 emu g −1 , see the next paragraph) and ρ is the density of the sample. The density ρ = 5.93 g cm −3 was calculated as m/V, where V is the volume of the crystal cell (calculated from the obtained cell parameters, see table 1), with eight formula units in it (Z = 8). The obtained effective anisotropy constant K eff is one order of magnitude higher then in the isostructural bulk ferrites [29] . From the obtained value of K eff and by using the expression K eff V = 25k B T B , the mean blocking temperature T B can be estimated. If we take the mean value for the particle size obtained for the S1 sample by the Rietveld and PDF methods ( d = 3.6 nm, see table 2), T B = (4±1) K is obtained. This value is about six times lower than the freezing temperature T f = 27.5 K, showing a high contribution of interparticle interaction to the freezing temperature.
The validity of the AT behavior has been found in many different nanostructure systems in which interparticle exchange interactions are present, such as in layered LiNi 0.4 Mn 0.4 Co 0.2 O 2 [30] , nanocrystalline Ni-ferrite with a core/shell morphology of nanoparticles [31] , single crystalline ZnMn 2 As 2 [32] , and epitaxial BiFeO 3 (BFO) thin films grown on (111) SrTiO 3 substrates [33] .
Magnetization versus field.
The M(H) measurements were performed at several temperatures in the range of 2-300 K, in both the zero-field-cooled and field-cooled regimes. The hysteresis loop for the S3 sample at 10 K is shown in figure 9 , with the low-field region enlarged (lower inset to figure 9 ) to show the hysteresis symmetry. One of the remarkable features of the magnetization curve is its increase with applied field and the absence of saturation even in a field of 5 T (the maximum field strength achievable on an XL-5 SQUID magnetometer) or 9 T (measurements on a PPMS). The observed behavior should be mainly addressed to the canting of spins in the ferrimagnetically ordered particle core due to strong A-B superexchange interactions. Nevertheless, the non-saturation could be also an indication of the presence of spin disorder at the particle surface. In the upper inset in figure 9 the hysteresis loops are shown at 2 K in both the FC and ZFC regimes. The same results were observed in two other samples (S1 and S2). The observed non-saturation and symmetry of the magnetization loops in the FC regime is indicative of the nanoparticles having core/shell structure, with a smaller effect of the magnetic moments in the shell [34] . The result of PDF/Fullprof analyses referring to the shell and the above results suggest that the shell is not significant in size and is probably not crystalline.
To further explore the existence of interparticle interactions, we consider the reduced remanence, M R /M S . The theoretically predicted M R /M S value of 0.5 for noninteracting single-domain particles with their easy axis randomly oriented has been confirmed experimentally in some noninteracting nanoparticle systems, such as CoFe 2 O 4 [7] . A value of 0.15 at 5 K was reported for Fe 3 O 4 with interparticle interactions [35] . Further lowering of this value may also be induced by internal strain [36] . The results of our size/strain analysis point to the existence of non-negligible strain (table 1) . The values of M R /M S obtained for sample S3 at different temperatures were 0.21 (2 K), 0.11 (6 K) and Figure 10 . The variation of coercivity with temperature for samples S1-S3. 0.05 (10 K). These reduced values are most probably induced by both internal strain and interparticle interactions.
The change of H C (ZFC) with temperature for S1-S3 is presented in figure 10 . The coercivity develops below the freezing temperature and its value decreases non-linearly with increasing temperature. The presented results show the values of H C and their dependence on particle size. We note that although the values of H C for S2 and S3 are very similar, there is a difference in the size of these particles (table 2) . In noninteracting single-domain nanoparticles with uniaxial anisotropy, the H C (T) dependence should obey the relation
, where H C0 denotes the coercivity at T = 0 K and T B is the blocking temperature. The observed deviation in linearity of the H C (T 1/2 ) curves (figure 10) is attributed to the existence of interparticle interactions. Further investigation of the interparticle interactions was carried out by M(H) measurements at different temperatures in SPM regions. Figure 11 shows the reduced magnetization (M/M S ) versus H/T for three selected temperatures, 100, 200 and 300 K, for the S1 sample (main panel). The values of the saturation magnetization M S were obtained by extrapolating M versus 1/H at 1/H = 0. Non-overlapping curves have been found in superspin-glass systems [8] , and indicate the existence of interparticle interactions. For two other samples, S2 and S3, the M(H) curves at 300 K are presented in the inset of figure 11 . They show S-shapes with zero values of coercivity and remanence, which is typical for SPM systems.
Concerning the value of the saturation magnetization, it was found to be around 50 emu g −1 for S3 at 10 K ( figure 9 ) and about 20 emu g −1 at room temperature (the inset of figure 11 ). The value depends on the cation distribution, surface and core particle spin canting, inter-and intra-particle interactions, different kinds of anisotropies, and parasite phases. Brief inspection of the literature points to a broad range of reported values of the magnetization of Zn-ferrite nanoparticles, from 11 to 88 emu g −1 as was reported in [38] . A partial migration of Fe atoms from A to B sites yields ferrimagnetic clusters due to the strong A-B superexchange interactions. This partial inversion has been invoked as the source of the much larger magnetization in ZnFe 2 O 4 fine particles [41] or the room temperature ferrimagnetic behavior observed in ZnFe 2 O 4 thin films [39, 40] .
We have used DC magnetization measurements in order to examine the existence of core/shell structure of Zn-ferrite nanoparticles, to correlate the obtained results with PDF/Rietveld results (section 3.1), and to extract Figure 11 . Normalized magnetization versus H/T for S1 at 100, 200 and 300 K. Inset: magnetization versus field for S2 and S3 at 300 K. information on the interparticle interactions. The shell was found to be thin in all samples studied. The results of DC magnetization measurements suggest a picture of interacting ferrite nanoparticles.
3.3.3. The AC susceptibility of Zn-ferrite nanoparticles. In order to get a better insight into the nature of the magnetic state at low temperatures, the magnetic dynamics was investigated by AC susceptibility measurements as described in section 2. Figure 12(a) shows the in-phase part χ and the out-of-phase part χ of the dynamic susceptibility χ ac = χ − iχ for sample S3 measured at different frequencies, f in an oscillating field of 5 Oe. As can be seen, at the peak values of the χ (T, f ) curves, T f increases and shifts to lower temperatures with decreasing frequency. χ (T, f ) also shows a maximum whose amplitude and position depend on the frequency of the AC field. The obtained dependences of the χ and χ maxima are characteristic for superspin-glass (SSG) as well as for SPM systems [41, 42] .
Information about the magnetic state was first extracted from the relative shift of the maximum peak temperature T f per decade of frequency, i.e.
= ( T f /T f )/ (log f ), for the in-phase part χ . For spin-glasses has a value in the range ∼10 −3 -10 −2 [41, 42] . In the case of a superparamagnet (noninteracting magnetic particles) the parameter is 10 −1 [41] . The obtained value of = 0.027 suggests that the investigated system is a superspin-glass, rather than a superparamagnet.
To analyze the obtained frequency shift of the temperature T f (f ) we used two approaches usually used for ensembles of interacting nanoparticles: (i) the Vogel-Fulcher law and (ii) dynamic scaling theory. The empirical Vogel-Fulcher law, given by the following expression, is widely used in cluster-glass systems [42] :
where the parameter T 0 is a measure of the interparticle interaction strength, and E a denotes an energy barrier parameter. E a = K eff V, where K eff and V denote the anisotropy and particle volume, respectively. The frequency parameter f 0 is connected with the relaxation time τ of the magnetization vector in the region T → T + f by the relation τ = 1/f 0 . To precisely determine the T f as a maximum value in χ (T, f ) we fitted the experimental values near maxima by a polynomial function. The observed T f for different frequencies in the range of 1-1000 Hz was fitted using equation (2), see figure 12 (b). The obtained best-fit values of the parameters were E a = 255 K, T 0 = 26.4 K and f 0 = 1.3 × 10 12 Hz. The relaxation time τ was found to cover a wide range of values, from 10 −6 s [43] to 10 −13 s [44] in spin-glasses and from 10 −9 to 10 −11 s in SPM systems [35] . The observed τ = 7.6 × 10 −13 s indicates a spin-glass-like behavior.
In the second approach, the in-phase component χ of the AC susceptibility was analyzed according to conventional power-law dynamics. In the T → T + f temperature region, the relaxation time τ of the magnetic moments shows a critical slowing-down described by the relation τ = τ 0 ε −zν , Figure 12 . (a) The real, χ , and imaginary, χ , (inset) components of the AC susceptibility as a function of temperature and frequency for the Zn-ferrite annealed at 500
• C (S3); (b) a plot of ln f versus 1/(T f − T 0 ); and (c) a log-log plot of the reduced temperature ε = (T − T f )/T f versus the driven frequency for sample S3.
where ε = (T − T f )/T f denotes a reduced temperature, τ 0 is the microscopic relaxation time, z is the dynamical scaling exponent, and ν is the correlation-length scaling exponent [41, 45] . Thus, the frequency-dependent maxima should follow the expression
A log-log plot of f (ε) gives an excellent linear dependence, as shown in figure 12(c) . The best-fit values of the parameters are f 0 = 1.99 × 10 11 Hz, zν = 13.3 and T f = 31 K. For canonical spin-glasses such as CuMn and AuMn, typical f 0 values are within the 10 11 -10 12 Hz range [41] . The obtained value of the critical exponent zν is larger in comparison with those found in diluted magnetic semiconductors [46, 47] and other spin-glasses, where the zν parameters are in the range of 4-10 [41] . However, some works on magnetic nanoparticles with strong interactions, high local disorder and/or broad particle size distributions have reported power-law dynamics near T f , with exponents zν within the 10 ≤ zν < 24 range [48, 49] .
It is well known that, for systems of noninteracting, single-domain magnetic particles, the frequency dependence of the blocking temperature T B (f ) can be well described by the Néel-Arrhenius law [50] . Our experimental data were also fitted to the Arrhenius law, but unphysical values were obtained.
Mössbauer spectroscopy study of Zn-ferrites
Mössbauer spectra for zinc-ferrite sample S1, recorded in the temperature interval (10, 298) K, are shown in figure 13 . The relative area of doublet components decreases with reducing temperature in favor of sextet components, showing behavior characteristic of superparamagnetic relaxation in nanoparticle systems. A transition to a magnetically ordered state occurs over a wide temperature range. The estimated freezing temperature is T f = 46 K, suggesting that for the nanoparticle sample the ordering temperature is much higher than the Néel temperature reported for bulk samples (T N = 9 K) [51, 52] . In bulk ZnFe 2 O 4 normal spinel, all Fe 3+ ions are octahedrally coordinated with O (sites B) and weak BB superexchange interactions among them are responsible for AF magnetic ordering at the Néel temperature. Due to the partial inversion of the Zn 2+ and Fe 3+ cation distributions in nanocrystalline zinc-ferrite, superexchange interaction between iron ions in tetrahedral and octahedral sites occurs, leading to ferrimagnetic long range ordering at much higher temperatures. The degree of cation inversion can be estimated from the low temperature Mössbauer spectrum, with the assumption that the recoilless fractions for Fe 3+ in tetrahedrally and octahedrally coordinated sites (A and B) are almost the same [53] . Within this assumption, the areas of the A and B site components can be considered as proportional to the iron occupancy in the A and B sites. An inversion degree of 0.27 was estimated from the fit of the Mössbauer spectrum recorded at 10 K.
The fit of the 10 K spectrum is based on the superposition of three sextets with different values of the hyperfine field. The lower isomer shift parameter (IS) of one component suggests that it corresponds to the Fe 3+ in tetrahedral surroundings (A sites). On the other hand, the invariance of the isomer shift values for the other two components indicates that both of them describe iron nuclei in octahedral site B. The usage of two components represents an approximation made in order to describe different local environments of Fe 3+ ions in B sites. Due to the lack of resolution, determination of the exact number of such components represents a difficult task. Different values of their hyperfine fields B hf originate from a variety of different environments that Fe nuclei can be found in within this spinel structure. Due to the strong overlap of A and B site components, it is very difficult to make a clear distinction between various subspectra corresponding to different magnetic Fe surroundings. The use of in-field Mössbauer spectroscopy would undoubtedly confirm the existence (or otherwise) of distinct positions of Fe 3+ in such an inverted spinel structure.
With increasing temperature the three sextet components collapse into the slightly asymmetric doublets obtained in the room temperature Mössbauer spectrum. Collapsing of the components occurs in a wide temperature interval due to the distribution of particle size in the nanoparticle ZnFe 2 O 4 S1 sample. Superparamagnetic relaxation spectra recorded at intermediate temperatures show a complex hyperfine structure with a quadrupole doublet superimposed on a magnetically split pattern. The values of the IS obtained from the fit of Mössbauer spectra clearly confirm the absence of the Fe 2+ valence state (see table 3 ). A comparison of room temperature Mössbauer spectra for bulk and nanocrystalline zinc-ferrite samples, as well as for nanoparticle samples annealed at 400 and 500 • C is shown in figure 14 .
The room temperature Mössbauer spectrum recorded for the bulk sample was fitted as a superposition of two symmetric doublets. The invariant values of the IS, corresponding to Fe 3+ ions octahedrally surrounded by oxygen, confirm that the components describe crystallographically the same iron site (B), table 3 [53] . In the case of the nanoparticle sample, an increase of the quadrupole splitting (QS) parameter is evident in comparison to the values obtained for the bulk sample. The disorder in the local field leading to such an increase of the QS in the nanocrystalline sample has several different origins. Firstly, due to the cation redistribution on A and B sites observed by Rietveld and PDF analyses, it is reasonable to expect that the local bond symmetry is changed. Also, a higher degree of defects in nanoparticle samples and a considerable fraction of Fe ions located at the surface of the grains exhibiting spin canting due to the surface anisotropy could be alternative and/or additional reasons for the observed increase of the QS [54] [55] [56] . The annealing treatment of the nanoparticle ZnFe 2 O 4 sample at 400 and 500 • C causes structural changes towards higher crystallinity. The increase of the crystallite size by heating lowers the surface contribution and partially reduces the amount of defects, hence reducing the disorder in the local field. The QS parameter exhibits a decreasing trend with increasing nanoparticle size, although an annealing temperature of 500 • C was still insufficient to achieve higher crystallinity compared to that of the bulk sample [57] .
Conclusions
Multiple complementary techniques were employed in order to study the magnetism, structure and microstructure of a series of Zn-ferrite nanoparticles obtained by thermal treatment (the particle sizes were 4, 7.5 and 13 nm). The crystal structure was refined by both Rietveld and PDF methods using neutron and x-ray data. Small discrepancies between the Rietveld and PDF results were found for the values of the lattice parameters, in which case those derived from the PDF can be considered as more reliable due to the fact that the PDF is based on a total scattering approach including both Bragg and diffuse scattering components, while Rietveld relies on Bragg intensities alone. PDF modeling and the Rietveld method gave comparable values for the crystallite size, suggesting that the nanoparticles (if we consider them as core/shell structured) probably have rather thin shell regions; this was confirmed by FC M(H) measurements. The results of DC magnetization and AC susceptibility measurements imply that the investigated Zn-ferrite nanoparticle system can be well described within the SSG picture. Experimental results such as the observation of the Almeida-Thouless line for low-field magnetization data (T max versus H 2/3 ), the difference in M/M S versus H/T curves above T max (temperature of the maximum in ZFC magnetization), the non-linearity in H C versus T 1/2 and the remanence/saturation ratio value M R /M S suggest that the behavior is typical of that of interacting nanoparticle systems. The effective anisotropy constant for the nanoparticle samples, K eff = 5.6 × 10 5 erg cm −3 , was found to be an order of magnitude higher than the K eff for isostructural bulk ferrites. The thermal treatment affected the magnetic parameters, such as the freezing temperature, coercivity, saturation magnetization and quadrupole splitting observed in Mössbauer spectroscopy measurements.
